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ABSTRACT Slow inactivation in voltage-gated sodium channels (NaChs) occurs in response to depolarizations of seconds
to minutes and is thought to play an important role in regulating membrane excitability and action potential firing patterns.
However, the molecular mechanisms of slow inactivation are not well understood. To test the hypothesis that transmembrane
segment 6 of domain 2 (D2-S6) plays a role in NaCh slow inactivation, we substituted different amino acids at position V787
(valine) in D2-S6 of rat skeletal muscle NaCh 1 (Nav1.4). Whole-cell recordings from transiently expressed NaChs in HEK
cells were used to study and compare slow inactivation phenotypes between mutants and wild type. V787K (lysine
substitution) showed a marked enhancement of slow inactivation. V787K enters the slow-inactivated state100 faster than
wild type (1  30 ms vs. 3 s), and occurs at much more hyperpolarized potentials than wild type (V1/2 of s curve 130
mV vs. 75 mV). V787C (cysteine substitution) showed a resistance to slow inactivation, i.e., opposite to that of V787K.
Entry into the slow inactivation state in V787C was slower (1  5 s), less complete, and less voltage-dependent (V1/2 of s
curve 50 mV) than in wild type. Application of the cysteine modification agent methanethiosulfonate ethylammonium
(MTSEA) to V787C demonstrated that the 787 position undergoes a relative change in molecular conformation that is
associated with the slow inactivation state. Our results suggest that the V787 position in Nav1.4 plays an important role in slow
inactivation gating and that molecular rearrangement occurs at or near residue V787 in D2-S6 during NaCh slow inactivation.
INTRODUCTION
Voltage-gated Na channels (NaChs) open and inactivate in
response to depolarization of the membrane potential. Many
investigators have actively pursued an understanding of this
response using a variety of techniques (Hodgkin and Hux-
ley, 1952; Armstrong et al., 1973; Aldrich et al., 1983;
Stuhmer et al., 1989). In an effort to understand the molec-
ular mechanisms underlying this process, recent studies
have used NaCh clones from several excitable tissues. The
sequencing and functional expression of these clones have
shown that the -subunit of NaChs (Fig. 1) comprises four
homologous domains (D1-D4), each with six transmem-
brane segments (S1-S6), and that the -subunit appears to
be sufficient for activation, inactivation, and ion selectivity
(Noda et al., 1984, 1986; Trimmer et al., 1989; Gellens et
al., 1992). In particular, studies using site-directed mutagen-
esis have assigned specific functions to specific regions of
NaChs. For example, the voltage sensors for activation of
NaChs are believed to be in the S4 transmembrane segments
(Stuhmer et al., 1989), whereas the cytoplasmic linker be-
tween D3 and D4, along with the S4-S5 loop in D3 and/or
D4 appears to be the fast-inactivation gate (Patton et al.,
1992; Smith and Goldin, 1997; McPhee et al., 1998). The
outer pore of the NaCh is probably formed by the P-
segments (i.e., the SS1-SS2 regions between S5 and S6),
which also play a prominent role in Na ion selectivity
(Heinemann et al., 1992), while the inner pore may be lined
by the S6 segments (Lipkind and Fozzard, 2000). Also of
interest is that mutations in S6 can have dramatic effects on
gating in NaChs (Yarov-Yarovoy et al., 2001). In particular,
the S6 segments may play an important role in slow inac-
tivation gating (Cannon and Strittmatter, 1993; Wang and
Wang, 1997; Hayward et al., 1997; Takahashi and Cannon,
1999; Vedantham and Cannon, 2000).
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FIGURE 1 The -subunit of the voltage-gated Na channel. A diagram
of the -subunit of the rat skeletal muscle Na channel showing the four
domains (D1-D4) each with six transmembrane segments (S1-S6). The 787
residue is located in D2-S6 (a partial amino acid sequence is shown with
the native valine residue at 787 in the box). The side chains of the native
valine (V) and the amino acid substitutions of lysine (K) and cysteine (C)
are also presented.
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Slow inactivation in NaChs is a nonconducting, confor-
mational state that is kinetically and molecularly distinct
from fast inactivation. Slow inactivation occurs over a time
scale of seconds to minutes and is thought to be important
in membrane excitability and action potential firing patterns
(Ruff et al., 1988; Sawczuk et al., 1995). In contrast, fast
inactivation occurs within milliseconds of membrane depo-
larization and plays an important role in the termination of
action potentials (Hille, 1992). Slow inactivation is believed
to be dependent on different molecular mechanisms from
fast inactivation because manipulations that eliminate fast
inactivation, e.g., internal perfusion with protease or amino
acid substitutions in the D3-D4 linker, fail to eliminate slow
inactivation (Rudy, 1978; Featherstone et al., 1996).
Disruption of NaCh inactivation has been implicated in
several human diseases. For example, in the human heart,
inheritable NaCh mutations that alter fast inactivation pro-
duce long QT syndrome (Wang et al., 1996) and mutations
that alter slow inactivation in the human skeletal muscle
NaCh produce hyperkalemic periodic paralysis (Cummins
and Sigworth, 1996; Hayward et al., 1997). Therefore, un-
derstanding the molecular basis of NaCh inactivation can
have important clinical implications.
In this study we have characterized NaCh mutants that
have amino acid substitutions for the native valine (V) at
position 787 in domain 2, segment 6 (D2-S6) of wild-type
rat skeletal muscle NaCh 1 (Nav1.4) (Trimmer et al.,
1989) (Fig. 1). We studied these mutants to test the hypoth-
esis that D2-S6 of NaChs plays an important role in slow
inactivation gating. We chose D2 because our previous
study with NaCh chimeras suggested that this domain plays
a prominent role in slow inactivation gating (O’Reilly et al.,
1999). We studied position 787 because this region of S6
appears to be involved in the slow inactivation process
(Wang and Wang, 1997; Vedantham and Cannon,
2000).We used patch-clamp techniques on transiently trans-
fected HEK cells to compare the activation and inactivation
kinetics between mutants and wild type. We found marked
and opposite effects on the slow inactivation phenotype
between two of the mutants and wild type: V787K showed
a marked enhancement of slow inactivation, while V787C
showed a resistance to slow inactivation. In addition, slow
inactivation produces a relative change in the molecular
position of the V787 residue as monitored in V787C by
application of the cysteine modification agent methanethio-
sulfonate ethylammonium (MTSEA). Our results suggest
that the V787 position in D2-S6 plays an important role in
slow inactivation gating of NaChs. We propose that a mo-
lecular conformational change during depolarization alters
the relative position of the V787 residue. We hypothesize
that the positively charged lysine substitution in V787K
rapidly stabilizes the slow inactivation state, whereas in
V787C the slow inactivation state is relatively unstable due
to differences in the three-dimensional structure of the sub-
stituted amino acid side chain at the V787 position.
MATERIALS AND METHODS
Na channel (NaCh) mutant construction and
transient transfection of cDNA clones
Mutants were produced with amino acid substitutions in wild type rat
skeletal muscle NaCh 1 (Nav1.4) (Trimmer et al., 1989) as described
previously (Wang and Wang, 1997). cDNA clones of wild-type and NaCh
mutants were transiently transfected into HEK293t cells using the calcium
phosphate precipitation method (Graham and Eb, 1973) as previously
described (O’Reilly et al., 1999). The transfection included 0.5 g of CD8
(cell surface antigen) and 5–10 g of NaCh cDNA subcloned in the
pcDNA1/amp vector (Invitrogen, San Diego, CA).
Recording techniques
We used standard patch-clamp techniques (Hamill et al., 1981) to record
whole-cell peak Na current (INa) from transiently transfected HEK293t
cells. Recordings were performed at room temperature (20–22°C) and no
correction was made for liquid junction potentials. Conductance-voltage
(activation) and steady-state fast inactivation (h) curves were obtained
10 min after rupture of the membrane. Recording micropipettes (Drum-
mond Scientific, Broomall, PA) were pulled on a Model P-87 Flaming-
Brown puller (Sutter Instruments, Novato, CA). Pipette resistance ranged
from 0.5 to 1.5 M when measured in our solutions. The extracellular
recording solution was (in mM): 65 NaCl, 85 choline-Cl, 2 CaCl2 and 10
HEPES, titrated to pH 7.4 with TMA-OH. The pipette (intracellular)
solution was (in mM): 100 NaF, 30 NaCl, 10 EGTA, and 10 HEPES,
titrated to pH 7.2 with CsOH. These solutions create an outward Na
gradient and an outward Na current at the test pulse of 50 mV reducing
potential problems associated with space clamp or series resistance errors
(Cota and Armstrong, 1989). Series resistance was compensated at 80%,
resulting in voltage errors of5 mV. Linear leak subtraction based on five
hyperpolarizing pulses was used for all recordings. Any endogenous K
currents were blocked with Cs in the pipette, and HEK cells express no
native Ca2 current (Ukomadu et al., 1992). Cells were selected for
recording based on positive immunoreaction with CD8 Dynabeads (Dynal
Biotech, Inc., Lake Success, NY).
Electrophysiology protocols
Activation and fast inactivation
The holding potential (Vhold) was 160 mV for wild type and all mutants
except V787K. Vhold for V787K was increased to200 mV because of the
enhanced voltage-dependence of inactivation for this mutant (e.g., see Fig.
5 A). A test pulse to50 mV (4 ms) was used to record peak available Na
current (INa). Activation and fast inactivation curves (h) were obtained
using standard protocols and fit with Boltzmann functions as previously
described (O’Reilly et al., 1999).
Recovery from short depolarizations
Recovery from short depolarizations was determined with a two-pulse
protocol: a prepulse step to 0 mV for 8 or 100 ms, a step to Vhold for
variable recovery times (0.2 ms–60 s), then the test pulse to 50 mV (4
ms). Identical results are found with prepulse depolarizations of 30 or
50 mV (data not shown). The peak current recorded with the test pulse
was normalized to INa obtained after 60 s at Vhold. The time at Vhold
between pulses was	10 s (	60 s for V787K). The mean data were fit with
the double-exponential function: I/Imax 
 I0  A1(1  exp(x/1)) 
A2(1 exp(x/2)), where I0 is the non-inactivating component, Imax is the
peak current, x is time, and A1 and A2 are the components for the time
constants 1 and 2, respectively.
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Slow inactivation
To produce slow inactivation, the voltage was stepped to 0 mV. Prelimi-
nary experiments verified that there was no significant difference in the
development of slow inactivation with larger voltage steps (up to 30
mV). Cells were held at Vhold for 	2 min between pulses during the slow
inactivation protocols. Also, INa was checked between pulses to check for
possible time-dependent cumulative effects. Three protocols were used to
determine slow inactivation phenotype:
Development of slow inactivation. Voltage was stepped from Vhold to 0
mV for various times (1 ms–120 s), stepped to Vhold for 50 ms to allow
recovery from fast inactivation, and then stepped to 50 mV (4 ms) to
record INa. INa was normalized to the initial value recorded before the start
of the protocol. Data were fit with a double-exponential function: I/Imax 

I0 A1exp(x/1) A2exp(x/2), where I0, Imax, x, A1, A2, 1, and 2 are
the same as above.
Voltage dependence of steady-state slow inactivation (s). A 30-s pre-
pulse, a 50-ms step to Vhold (to allow recovery from fast inactivation), and then
a 4-ms test pulse to50 mV to record INa. INa was normalized to INa recorded
at Vhold. In V787K, a 10-s prepulse produced the same results as a 30-s
prepulse (data not shown) and a 10-s prepulse is used throughout the study for
slow inactivation in V787K. The data from steady-state slow inactivation were
fit with a Boltzmann function: I/Imax
 (I1 I2)/(1 exp((V V1/2)/k)) I2,
where V1/2 in the midpoint of the curve and k in the slope factor, and I1 and I2
are the maximum and minimum values in the fit, respectively.
Recovery from slow inactivation. Voltage was stepped to 0 mV for 30 s
(10 s for V787K), stepped to Vhold for various times (50 ms to 300 s), then
a subsequent 4-ms test pulse to 50 mV. INa was normalized to INa
obtained after 300 s at Vhold. Data were fit with a double-exponential
function: I/Imax 
 I0  A1(1  exp(x/1))  A2(1  exp(x/2)), where
Imax, I0, x, A1, A2, 1, and 2 are the same as above.
Application of cysteine modification agents
The cysteine modification (MTS) agents methanethiosulfonate ethyltrimeth-
ylammonium (MTSET) and MTSEA were obtained from Toronto Research
Chemicals (Toronto, Ontario, Canada) and were dissolved in water and kept
on ice before dilution in the appropriate solution to the final concentration
immediately before use. Extracellular application of the MTS agents was via
a gravity-fed perfusion system (0.1 ml/min) and the agents were included in
the pipette for intracellular application (Yang et al., 1997). Cysteine accessi-
bility during MTS application was determined with a test pulse (50 mV)
every 30 s. For closed-state accessibility the test pulse was from Vhold with no
prepulse. For fast-inactivated state accessibility there was a 100-ms prepulse (0
mV) and a 10-s interpulse to Vhold before each the test pulse. Additional
experiments to test for fast-inactivated state accessibility used a train of 100-ms
pulses to 0 mV. The train consisted of 100 pulses with a 50-ms interval at Vhold
between each prepulse and 10-s at Vhold before each test pulse (i.e., a total
depolarization time of 10 s). For slow-inactivated state accessibility there was
a 10-s prepulse (0 mV) and a 10-s interpulse to Vhold before each test pulse.
Data were collected with an Axopatch 200A amplifier (filtered at 5 kHz) and
pCLAMP software (Axon Instruments, Foster City, CA). Curve fits and data
analysis were performed with pCLAMP and Origin software (MICROCAL
Software, Inc., Northampton, MA). Differences from wild type were consid-
ered significant at p  0.05 (Student’s t-test). Grouped data are presented as
means  SE.
RESULTS
Activation and fast inactivation differences in
V787K and V787C
The h curve for steady-state fast inactivation was more
hyperpolarized and less steep in V787K (86.6  0.2 mV;
p  0.001; k 
 7.7  0.2; p  0.001; n 
 7) and V787C
(87.7 0.3 mV, p 0.01; k
 7.9 0.3; p 0.001; n

8) than in wild type (81.5  0.1 mV; k 
 5.4  0.1; n 

12; Fig. 2 A). Although steady-state fast inactivation was
measured with a standard 100-ms prepulse, the h curve for
V787K probably reflects some channels that have entered
the slow inactivation state because of the rapid development
of slow inactivation in this mutant (see below). The activa-
tion (conductance-voltage) curve was right-shifted and less
steep in V787K (26.5  1.2 mV; p  0.05; k 
 13.4 
1.4, p  0.001; n 
 7) and V787C (20.9  0.9 mV; p 
0.001; k 
 11.1  1.0; p  0.05; n 
 8) compared to wild
type (30.0  0.7 mV; k 
 8.9  0.7; n 
 12; Fig. 2 B).
V787K recovers from short depolarizations much
slower than wild type and V787C
NaChs open and fast-inactivate in response to short depo-
larizations. Recovery from the fast inactivation state can be
assessed by a test pulse following variable recovery times
after membrane repolarization to Vhold. In the wild type,
recovery to initial peak whole-cell sodium current (INa)
from a short depolarization (8 ms at 0 mV) takes 30 ms
and is best fit with a monoexponential function (  2 ms),
suggesting recovery from one fast-inactivation state (Fig. 3
A; Table 1). In contrast, recovery time to peak INa in V787K
takes 1000 times longer (30 s) than wild type. In addition,
recovery of V787K is best fit with a double-exponential
function (1  1 ms; 2  3 s), indicating that V787K is
recovering from two distinct inactivation states, one of
which is much slower than typical fast inactivation (Fig. 3
A; Table 1). The difference in recovery pattern is also
evident following a 100-ms depolarization (Fig. 3 B) where
the components of recovery are shifted toward the slower
time constant (14–89%; Table 1). These results suggest that
V787K is entering a slow inactivation state at a much more
rapid rate than wild type. In contrast to V787K, recovery
from short depolarizations in V787C is not different from
wild type (Fig. 3, A and B; Table 1).
V787K shows enhanced slow inactivation and
V787C is resistant to slow inactivation
Standard slow inactivation protocols were used to study and
compare slow inactivation in wild type, V787K, and V787C
(O’Reilly et al., 2000). The data from these experiments
demonstrate that V787K slow-inactivates much more
readily and recovers from slow inactivation more slowly
than wild type (Fig. 4, A and B; Table 1). Fig. 4 A shows that
the time-dependence of entry into slow inactivation for
V787K (1  30 ms) is 100 faster than wild type (1 
3 s; Table 1). Recovery from slow inactivation at Vhold is
10 slower in V787K than wild type (1 
 2.7 vs. 0.3 s,
respectively; Fig. 5 A; Table 1). The time constant for the
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faster component of recovery from slow inactivation in
V787K (2.7 s) is similar to the time constants found in
recovery from short depolarizations for V787K (3.2 s and
2.8 s; Table 1), supporting the conclusion that V787K is
entering the slow inactivation state very rapidly in response
to depolarization.
To evaluate the role of a specific amino acid substitution,
i.e., lysine (K), at the 787 position, we substituted other
amino acids at this position. One of these mutants, V787C
(cysteine at position V787), showed a remarkable resistance
to slow inactivation compared to wild type, i.e., the opposite
phenotype of V787K (Fig. 4, A and B; Table 1). Compared
with wild type and in contrast to V787K, entry into the slow
inactivation state was slower in V787C (1  5 s; Fig. 4 A;
Table 1) and recovery from slow inactivation was acceler-
ated (Fig. 4 B; Table 1).
In addition to differences in development of and recovery
from slow inactivation, slow inactivation in V787K occurs
at much more hyperpolarized potentials (95% inactivation
at 100 mV) than wild type (2% inactivation at 100
mV) and the V1/2 of the s curve is 	50 mV more hyper-
polarized in V787K than in wild type (127.5 vs. 74.1
mV, respectively; Fig. 5 A; Table 1). In V787C, slow
inactivation was less complete (40% slow-inactivated at 0
mV) and the s curve was shifted to depolarized potentials
and was less steep (V1/2 
 50.3 mV, k 
 16.5; Fig. 5 A;
Table 1). These results demonstrate that different amino
acid substitutions at the V787 position in Nav1.4 have
opposite effects on NaCh slow inactivation.
The difference in slow inactivation among V787K,
V787C, and wild type was found at all voltages tested. In
Fig. 5 B, time constants from single-exponential fits for
development of and recovery from slow inactivation in
wild type (n 
 3), V787K (n 
 4), and V787C (n 
 3)
are plotted versus various test voltages. The data were fit
with the equation  
 (  )1, where  is the rate for
leaving the slow-inactivated state,  is the rate for enter-
ing the slow-inactivated state, (V) 
 (0) exp(V/k),
(V) 
 (0) exp(V/k), (0) and (0) are the rate
constants at 0 mV, V is the test voltage, and k is the
FIGURE 2 The steady-state fast inactivation curve (h) is hyperpolarized and the activation curve is depolarized in V787K and V787C. The data were
obtained with the voltage protocol shown in the insets. Mean data  SE were fit with a Boltzmann function and the V1/2 and slope k are given in the text.
Representative traces are shown above the graphs. (A) Steady-state fast inactivation curves (h) for V787K (n 
 7), V787C (n 
 8), and wild type (n 

12). (B) Activation (conductance-voltage) curves for the same cells as in A.
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voltage dependence factor (O’Leary, 1998; O’Reilly et
al., 2000). The parameters for the fit are wild type:
(0) 
 1.9  107 ms1, (0) 
 6.2  104 ms1, k

 15.1 mV, k 
 41.3 mV; V787K: (0) 
 1.9  103
ms1, (0) 
 2.0  105 ms1, k 
 6.7 mV, k 
 76.1
mV; and V787C: (0) 
 1.2  108 ms1, (0) 
 1.2 
104 ms1, k 
 6.9 mV, k 
 74.7 mV. The data clearly
demonstrate that at all voltages tested, V787K slow-
inactivates much more rapidly, at more hyperpolarized
potentials, and recovers from slow inactivation more
slowly, while V787C is resistant to slow inactivation,
compared with wild type.
FIGURE 3 V787K recovery from short depolarizations is slower than wild type and V787C. Voltage protocols for recovery from short depolarizations
are shown in the insets (also see Materials and Methods). The mean data  SE were fit with a single exponential (wild type and V787C) or a double
exponential (V787K). Time constants and components of the fits are listed in Table 1. The same cells were used for both protocols. (A) Recovery to peak
INa from an 8-ms depolarization to 0 mV is slower and best-fit with a double-exponential function in V787K (n 
 5) suggesting recovery from two
inactivation states, fast and slow. (B) In wild type (n 
 3) and V787C (n 
 5), recovery from a 100-ms depolarization is nearly identical to recovery from
an 8-ms pulse (A). In V787K, recovery from 100 ms is similar to recovery from the 8-ms pulse except that a larger component of the recovery is from the
slow inactivation state (89% vs. 14%).
TABLE 1 Short depolarizations and slow inactivation in wild-type and V787 mutants
Channel
Recovery from
8 ms at 0 mV;
 (ms), component (%)
[n]
Recovery from
100 ms at 0 mV;












V1/2 (mV), slope k
[n]
Wild type 1.7 0.1 1.7  0.1 261  27 (59) 2752  118 (75%) 74.1  1.1
[3] [3] 3789  490 (34) 26948  7957 (14%) 9.9  0.9
[7] [8] [8]
V787K 0.7  0.1* (86) 0.5  0.3* (12) 2667  547* (70) 30.3  7.0* (85) 127.5  1.5*
3171  1580 (14) 2822  106 (89) 18481 1103* (25) 104.8  72.0* (14) 15.9  1.3*
[5] [5] [6] [6] [6]
V787C 1.6  0.4 1.7  0.1 178  50† (32) 5096  2616* (33) 50.3  3.0*
[5] [5] 2161  613† (13) 16474  3624* (8) 16.5  2.6*
[4] [7] [4]
V787A 1.6  0.7 1.6  0.2 122  31* (66) 3902  381* (51) 49.9  1.6*
[4] [4] 3547  1578 (13) 38419  2014* (14) 14.5  1.4*
[4] [7] [7]
V787D 1.3  0.1 1.9  0.1 346  67 (45) 1604  221 (58) 57.9  1.8*
[5] [5] 12332  2654‡ (35) 24712  8423 (13) 10.6  1.7
[3] [8] [5]
The data presented in the first four columns are time constants  SEM (ms) and components (%) from single- or double-exponential fits of the mean data
for recovery (at Vhold) of peak Na current (INa) following an 8- or 100-ms depolarization to 0 mV, recovery of INa from slow inactivation (10 or 30 s at
0 mV), and entry into slow inactivation at 0 mV, respectively. See text for additional details. The data presented in the last column describe steady-state
slow inactivation (s). The mean data for the s curve were fit with a Boltzmann function and the V1/2 (mV) and slope factor k  SEM are presented. The
voltage protocols are described in Materials and Methods. [n] 
 Number of cells.
*p  0.001, † 
 p  0.05, ‡ 
 p  0.01 compared with wild type.
2104 O’Reilly et al.
Biophysical Journal 81(4) 2100–2111
MTSEA modification of V787C in the slow
inactivation state
We used the cysteine accessibility method in V787C to see
whether we could determine the molecular location of the
787 residue during slow inactivation gating (Akabas et al.,
1992; Yellen, 1998; Vedantham and Cannon, 2000). We
used a test pulse (50 mV) every 30 s to measure INa during
continuous exposure to cysteine-modifying agents. Initial
FIGURE 4 V787K slow-inactivates more readily and V787C is relatively resistant to slow inactivation. Data were collected with the voltage protocols
shown in the insets (also see Materials and Methods). Mean data  SEM were fit with a double-exponential function. Time constants and components of
the fits are listed in Table 1. (A) V787K (n 
 6) enters the slow inactivation state 100 faster (1  30 ms) than wild type (1  3000 ms; n 
 8) and
100% of the current in V787K slow-inactivates by 1 s, whereas only 85% of wild type INa slow-inactivates even after 120 s of depolarization. V787C
(n 
 7) slow-inactivates with slower time constants and less completely than wild type or V787K. (B) Compared to wild type (n 
 7), recovery from slow
inactivation is slower in V787K (n 
 6) and faster in V787C (n 
 4).
FIGURE 5 V787K slow-inactivates at more hyperpolarized potentials while V787C slow-inactivates at more depolarized potentials than wild type. (A)
Data were collected with the voltage protocol shown in the inset (also see Materials and Methods). Mean data  SE were fit with a Boltzmann function
and V1/2 and slope k from the fits are given in Table 1. The s curve is hyperpolarized by 	50 mV in V787K (n 
 6) compared to wild type (n 
 8). Also
note that slow inactivation in V787K is complete by 90 mV, whereas wild type shows little inactivation at this voltage. Voltage dependence of slow
inactivation (s curve) in V787C (n 
 4) is shifted in the depolarized direction (V1/2  50 mV). In addition, V787C exhibits much less slow inactivation
than wild type at all voltages above 80 mV. (B) The graph shows time constants from single-exponential fits of mean data for development of (open
symbols) and recovery from (filled symbols) slow inactivation plotted versus the voltages on the abscissa. The data were fit with the equation  
 ( 
)1, where  is the rate for leaving the slow-inactivated state,  is the rate for entering the slow-inactivated state, (V) 
 (0) exp(V/k), (V) 
 (0)
exp(V/k), (0) and (0) are the rate constants at 0 mV, V is the test voltage, and k is the voltage dependence factor. The rate constants and slopes are
given in the text. Compared with wild type (solid line; n 
 3), V787K (dashed line; n 
 4) enters slow inactivation faster and recovers slower and V787C
(dotted line; n 
 3) enters slow inactivation slower and recovers faster at all test voltages.
D2-S6 and Sodium Channel Slow Inactivation 2105
Biophysical Journal 81(4) 2100–2111
experiments in V787C with MTSET (up to 1 mM) produced
no significant changes in INa either from the intracellular
(n 
 8) or the extracellular side (n 
 6) of the membrane
when the channels were closed, open, fast-inactivated, or
slow-inactivated (data not shown). Application of MTSEA
at 1.5 mM on the extracellular or intracellular side of the
membrane had little effect in V787C when the channels
were closed, i.e., with no prepulse before the test pulse
(103.6  2.0% of initial peak INa after 5-min exposure; n 

20; Fig. 6, A and B). However, when the membrane was
depolarized (0 mV) for 10 s before each test pulse, i.e.,
producing slow inactivation, there was a prominent reduc-
tion in peak INa over the course of several minutes (Fig. 6,
A and B). This effect was found with extracellular (30.0 
2.4%; n 
 18) and intracellular (29.6  4.0%; n 
 3)
application of MTSEA (Fig. 6, A and B). In addition, peak
INa did not recover from the MTSEA modification as mon-
itored by test pulses from Vhold of 160 mV or 200 mV
(Fig. 6 A).
The MTSEA-induced reduction in INa appears to be
unique to the slow inactivation state in V787C because
experiments using short prepulses (to produce fast inactiva-
tion) did not result in the same reduction in peak INa as the
slow-inactivation protocol. For example, fast-inactivation
protocols using a 100-ms prepulse to 0 mV or a prepulse
depolarization train (0 mV, 100-ms duration, 50-ms inter-
vals, 100 pulses) before each test pulse resulted in only a
modest reduction in INa during 5 min of MTSEA exposure
(93.5  2.2%; extra or intracellular; n 
 17; Fig. 6 B). The
rapid pulses in the latter protocol also suggest that MTSEA
does not react readily with channels that are in the open
state.
In wild type, MTSEA application had no effect with the
closed-state protocol using no prepulse (102.9  2.5%;
extra or intracellular; n 
 9; Fig. 6 B) and caused only a
modest reduction of INa with the slow-inactivation 10-s
prepulse protocol (93.8  1.8%; extra or intracellular; n 

10; Fig. 6 B) or with the fast-inactivation 100-ms prepulse
or the 100-ms train prepulse protocols (94.8  2.0%; extra
or intracellular; n
 13; Fig. 6 B). These results indicate that
MTSEA-induced reduction in INa is specific to V787C and
that the 787C residue is accessible to MTSEA only when
the channel is in the slow-inactivated state. This also sug-
gests that there is a molecular conformational change at or
near the V787 position in Nav1.4 that occurs in response to
prolonged depolarization that produces slow inactivation.
Other amino acid substitutions at V787
We also made several other amino acid substitutions at
position V787 to see whether different substitutions would
provide additional molecular insight into the mechanisms of
slow inactivation. Mutants with arginine (V787R) or ty-
FIGURE 6 MTSEA reacts with V787C in the slow-inactivated state. (A) Cells expressing V787C (n 
 4) were continuously exposed (extracellular) to
1.5 mM MTSEA starting at time 0. Peak available INa was recorded every 30 s with a test pulse to 50 mV. For the closed state, the test pulse was from
Vhold with no prepulse; the slow-inactivated state was produced with a 10-s prepulse before each test pulse (insets). Also see text and Materials and Methods
for further description of the protocols. MTSEA reduced INa only when the test pulse was preceded with a 10-s prepulse to 0 mV, i.e., when the channels
were slow-inactivated. The MTSEA-induced reduction in INa was irreversible at Vhold of160 mV or200 mV. (B) Grouped data for wild type and V787C
exposed to 1.5 mM MTSEA for 5 min in the closed state (no prepulse), fast-inactivated state (100-ms prepulse or 100-ms  100 train), and the
slow-inactivated state (10-s prepulse). In wild type, 5-min exposure to MTSEA had no effect in the closed state and only modest effects in the fast- or
slow-inactivated states. In V787C, MTSEA had no effect in the closed state and only a modest effect in the fast-inactivated state. However, in the
slow-inactivated state there was a large and prominent reduction in INa during exposure to MTSEA. Means and SEM are given in the text, as are the number
of cells for each group. WT, wild type; VC, V787C; CL, closed state; FI, fast-inactivated state; SI, slow-inactivated state; ex, extracellular application of
MTSEA; in, intracellular application of MTSEA. * p  0.05; *** p  0.001 compared with wild-type closed state.
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rosine (V787Y) substituted at V787 expressed little or no
INa (1.0 nA at the test pulse of 50 mV from Vhold of
200 mV). Alanine (V787A) and aspartate (V787D) sub-
stitutions expressed adequate INa for study and showed
differences from wild type in activation and fast inactivation
that were similar to V787K and V787C, e.g., see Fig. 2, A
and B (data not shown). The slow inactivation phenotype in
V787A and V787D was similar to wild type or intermediate
between wild type and V787C, i.e., a relative resistance to
slow inactivation (Table 1). For example, V787A exhibits a
slow inactivation phenotype similar to V787C, but is not as
dramatically different from wild type as V787C (Table 1).
These results demonstrate that the lysine substitution in
V787K has a unique effect on slow inactivation that may be
due to the positive charge of the side chain, while other
amino acid substitutions probably disrupt critical molecular
conformation necessary for the normal slow inactivation
gating process, possibly as a result of subtle changes in the
three-dimensional structure of the amino acid side chain at
V787.
DISCUSSION
In this study we have characterized activation and inactiva-
tion in rat skeletal muscle NaCh 1 (Nav1.4) mutants that
have a single amino acid substitution at position V787 in
domain 2, segment 6 (D2-S6). In particular, we studied the
effects of these substitutions on slow inactivation pheno-
type. Our results show that one mutant, V787K, rapidly
enters the slow inactivation state and that another mutant,
V787C, is relatively resistant to entry into slow inactivation,
i.e., different amino acid substitutions at the same position
have opposite effects on slow inactivation. We propose that
a depolarization-induced conformational change alters the
relative position of the 787 residue. We hypothesize that
development of slow inactivation is promoted and stabilized
by the positive charge of lysine (K), while the slow inacti-
vation conformational state is destabilized by amino acid
substitutions (e.g., cysteine, C) that create subtle changes in
the three-dimensional structure of the 787 residue.
Activation and fast inactivation in wild-type and
V787 mutants
Compared with wild type, the steady-state fast inactivation
(h) curve is more hyperpolarized, the activation (conduc-
tance-voltage) curve is shifted in the positive direction, and
both curves are less steep in V787K, V787C, and the other
V787 mutants studied. Changes in these parameters are
quite common with point mutations in voltage-gated chan-
nels. Even amino acid substitutions that would be consid-
ered relatively benign, e.g., alanine, can have large effects
on activation and fast inactivation (Yarov-Yarovoy et al.,
2001). These effects probably reflect disruption of molecu-
lar cooperativity within the channel during fast voltage
gating. For example, disruption of cooperative molecular
interactions can explain shifts in midpoints and reduction in
slopes of activation curves for voltage-gated ion channels
(Tytgat and Hess, 1992).
The differences in activation and fast inactivation may or
may not be the direct result of these specific amino acid
substitutions. It may be that the absence of the native valine
at 787 disrupts normal molecular movement and cooperat-
ivity during fast voltage gating, so that any amino acid
substitution at 787 would have disruptive effects on fast
inactivation and activation.
Recovery from short depolarizations suggest
rapid inactivation in V787K
Recovery to peak INa following relatively short depolariza-
tions of 8 or 100 ms is much slower in V787K than in
wild-type and the other V787 mutants. In addition, recovery
in V787K is best fit with a double-exponential function (in
contrast to a single-exponential fit for wild-type and the
other V787 mutants), which suggests that V787K is recov-
ering from two distinct inactivation states. We believe that
the recovery pattern in V787K represents recovery from the
typical fast inactivation state and a slow inactivation state
similar to those found in wild type. That is, V787K and wild
type are recovering from the same inactivation states (fast
and slow), but V787K enters the slow inactivation state
faster than wild type. Hence, wild type exhibits a single-
exponential recovery pattern because there is no slow inac-
tivation in wild type in response to 8 or 100 ms depolariza-
tions, whereas V787K fast- and slow-inactivate during these
relatively brief depolarizations. This conclusion is sup-
ported by data from our slow inactivation protocols showing
that V787K rapidly enters the slow inactivation state com-
pared to wild type (see below). It should also be noted that
the fast component of recovery from short depolarizations
in V787K has a faster time constant than in wild type
(0.5–0.7 vs. 1.7 ms). This may be due to a direct effect of
the lysine substitution on fast inactivation gating or it could
be due to an alteration of molecular coupling between slow
and fast inactivation (Featherstone et al., 1996).
V787K enters the slow inactivation state more
readily and recovers from slow inactivation more
slowly than wild type
Standard slow inactivation protocols demonstrate that
V787K enters an inactivation state(s) very rapidly and at
remarkably hyperpolarized potentials compared with wild
type. We believe that these results represent accelerated
entry into the typical slow inactivation state(s) found in wild
type. We base this conclusion on the double-exponential fit
of the data from our double-pulse inactivation protocols.
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For example, the similar time constants (  3 s) for
recovery from short (8 or 100 ms) or longer (10 s) depo-
larizations suggest that V787K has rapidly entered the same
slow inactivation state in response to short or prolonged
depolarization. Voltage protocols that measure the time-
dependence of development of slow inactivation show that
entry into slow inactivation is 100 faster in V787K than in
wild type. Both V787K and wild type enter a second slow
inactivation state and again V787K enters this state more
rapidly (100) than wild type. Although V787K slow-
inactivates very rapidly, the components of the double-
exponential fits of the data are similar between wild type
and V787K, supporting our conclusion that V787K is en-
tering slow inactivation states that are found in the wild-
type channel, but at more rapid rates. We cannot absolutely
rule out the possibility that these inactivation state(s) are
unique to V787K. For example, a lysine substitution in
D4-S6 (Y1586K) produces a distinct and novel “atypical”
inactivation state in Nav1.4 (O’Reilly et al., 2000). How-
ever, in the present study the absence of any extra compo-
nents in the exponential fits of the data suggest that V787K
enters the same inactivation states as wild type. The rapid
development of slow inactivation in V787K could result
from a depolarization-induced conformational change of
D2-S6 that alters the relative position of residue 787. This
dynamic change in the relative position of 787K could result
in an electrostatic interaction with a molecular substrate
(e.g., arginine, glutamate, -electrons of phenylalanine) that
results in an increase in the stability of the slow inactivation
state.
The slowed recovery and the remarkably hyperpolarized
s curve (	50 mV) of slow inactivation in V787K suggest
that the slow inactivation state in this mutant is a very stable
molecular conformation. This conclusion is supported by
the data showing that entry into slow inactivation is very
rapid and recovery from slow inactivation is greatly slowed
at all voltages tested. We also believe that the effects on
slow inactivation of the lysine substitution at V787 may be
unique to this particular position in D2-S6 because substi-
tution of lysine at other positions in D2-S6 (N784K, L785K,
L788K) produce no prominent effects on slow inactivation
(Wang et al., 2001). In addition, charge per se does not
appear to be responsible because V787D (a negatively
charged substitution) did not show the dramatic slow inac-
tivation phenotype found in V787K.
Cysteine substitution in V787C produces
opposite effects on slow inactivation
In contrast to V787K, we found that the mutant V787C (and
to varying degrees, other substitutions) showed the opposite
effect of V787K, i.e., a resistance to slow inactivation. The
relative resistance to slow inactivation in V787C may be
due to the change in the size or structure of the side chain at
787 from the branched, three-carbon side chain of the native
valine to the short carbon-sulfur side chain of cysteine. For
example, part of the slow inactivation gate(s) may be de-
pendent on an intramolecular association that requires the
specific side chain of valine. Hence, a smaller or less
“bulky” side chain may destabilize the slow inactivation
state, which would result in a relative resistance to devel-
opment of slow inactivation in V787C. This result also
demonstrates that amino acid substitutions such as cysteine,
which may be considered relatively benign, can potentially
have rather prominent effects on the function of voltage-
gated channels and that results from experiments using
cysteine substitutions should be interpreted with caution.
MTSEA modification of V787C in the slow
inactivation state
We used the cysteine accessibility method to explore the
possibility of molecular movement at or near the 787 resi-
due during slow inactivation gating (Akabas et al., 1992;
Yang et al., 1997; Yellen, 1998; Vedantham and Cannon,
2000). Experiments with MTSET in V787C (intracellular or
extracellular) produced no significant change in INa, and
hence were inconclusive. However, because MTSET is hy-
drophilic and does not readily enter or cross the membrane,
these results may indicate that 787C is not located in a
hydrophilic environment (e.g., not facing the pore) or that
MTSET may be too large to reach the 787C residue. An-
other possibility is that MTSET reacts with 787C but pro-
duces no measurable change in INa. Experiments with MT-
SEA, which is smaller than MTSET and can enter the
membrane (Holmgren et al., 1996), showed that the 787C
residue is accessible to MTSEA when the channel is in the
slow-inactivated state, but that it is not accessible when the
channel is in the closed, open, or fast-inactivated state.
Support for this conclusion comes from the different inac-
tivation protocols that we used. For example, the slow-
inactivation protocol had a 10-s depolarization prepulse
before the test pulse, which is sufficient to produce slow
inactivation in V787C. Application of MTSEA to V787C
during this slow-inactivation protocol resulted in a promi-
nent reduction in INa. In contrast, the fast-inactivation pro-
tocol with the 100-ms depolarization train (100 ms  100
pulses) resulted in only modest effects on INa during MT-
SEA exposure in V787C. This difference was evident even
though the slow-inactivation protocol and the fast-inactiva-
tion protocol both used 10-s depolarization. However, the
fast-inactivation protocol resulted in the channels being in
the fast-inactivated state, not the slow-inactivated state,
because 100-ms depolarization produces little if any slow
inactivation and the channels were allowed to recover from
fast inactivation (Vhold for 50 ms) between each 100-ms
depolarization prepulse. The rapid prepulses of this protocol
also suggest that 787C is not readily accessible to MTSEA
during the open state, and test pulses from Vhold with no
prepulse demonstrated that MTSEA does not react with
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787C in the closed state. One interpretation of these results
would be that the 787C residue is “buried” within the
protein when the channel is in the open, closed, and fast-
inactivated state and only becomes “accessible” to react
with MTSEA in the slow inactivation state. We cannot
conclude precisely from these results whether MTSEA
reaches the 787C residue via a hydrophilic (i.e., the pore) or
a hydrophobic environment (i.e., the membrane) because
MTSEA can reach the site through either pathway. How-
ever, this result does demonstrate that there is a molecular
rearrangement at or near the 787 position associated with
the slow inactivation state that alters the relative position of
this residue.
An intriguing interpretation of the MTSEA-induced re-
duction of INa in V787C is that covalent modification of
787C by MTSEA would result in a molecular side chain that
resembles the side chain of lysine. Therefore, MTSEA-
modified V787C may mimic the enhanced slow inactivation
seen in V787K by adding a positive charge at this position.
However, INa did not recover to initial values when the
membrane was held at Vhold of 200 mV (up to 30 s), a
recovery which would be expected if MTSEA-modified
V787C was similar to V787K. Hence, it appears that MT-
SEA modification of V787C results in a nonconducting
state that is different from the enhanced slow inactivation
found in V787K. Indeed, it may be that MTSEA modifica-
tion of V787C more closely resembles arginine substitution
at V787, i.e., V787R, a mutant that failed to express Na
current.
Other amino acid substitutions at V787
We substituted several other amino acid residues at the
V787 position. Of these, half failed to express adequate
current for study. We usually define adequate current as a
peak Na current of at least 1.0 nA with a test pulse of50
mV from Vhold, which avoids recording and analyzing po-
tential background Na currents in HEK cells (Cummins et
al., 1999). In the mutants that did express current we ob-
served slow inactivation phenotypes that were similar to
wild type or intermediate between wild type and V787C.
Hence, we conclude that subtle changes in the three-dimen-
sional structure of the side chain at V787 in these mutants
disrupts a critical molecular conformation that is necessary
for normal slow-inactivation gating in Nav1.4.
Potential molecular mechanisms of NaCh
slow inactivation
Depolarization-induced conformational changes in voltage-
gated channels, including NaChs, is well-established
(Yellen, 1998). In particular, depolarization is thought to
produce a rotation around a central bundle crossing of the
S6 segments in the inner pore region of voltage-gated K
channels, which suggests that this region is an important
component of voltage gating (Holmgren et al., 1998). As-
suming a common evolutionary pathway for voltage-gated
channels (Hille, 1989), we would expect to find a similar
molecular mechanism for voltage gating in NaChs. Indeed,
a recent study in Nav1.4 has shown that the V1583 residue
in D4-S6 of the inner pore moves in response to depolar-
ization that produces slow inactivation, thereby suggesting
that this region also plays a role in voltage gating of NaChs
(Vedantham and Cannon, 2000). Our data from the current
study indicate that V787 in D2-S6 also moves during slow-
inactivation gating. However, an interesting comparison
between V1583 and V787 is that, during slow-inactivation
gating, the V1583 residue becomes inaccessible to MTSEA
(Vedantham and Cannon, 2000), while the V787 residue
becomes accessible to MTSEA (this study), suggesting a
dynamic molecular rearrangement of this region of Nav1.4
in response to prolonged depolarization that produces slow
inactivation. Also, this area of Nav1.4 has previously been
implicated in slow inactivation in a study from our labora-
tory that showed that a mutation in D1-S6 (N434A) accel-
erates slow inactivation (Wang and Wang, 1997). Of inter-
est is that all of these S6 positions (V1583, V787, and
N434) are located at approximately the same level of the
inner pore of Nav1.4 (Lipkind and Fozzard, 2000). These
results suggest that the S6 segments of the inner pore play
an important role in NaCh slow inactivation and that the
region where N434, V787, and V1583 converge may be a
molecular determinant for part of the slow-inactivation gate.
Additional support for this model of S6 involvement in
NaCh inactivation comes from studies with batrachotoxin
(BTX). BTX is an alkaloid neurotoxin that binds to NaChs
and dramatically alters NaCh gating, shifting activation in
the hyperpolarizing direction and essentially eliminating
fast and slow inactivation (Khodorov, 1985). Recent studies
have shown that BTX binds to the S6 segments of all four
domains of NaChs (Wang and Wang, 1998, 1999; Wang et
al., 2000, 2001). Specifically, BTX binds to residues (I433,
N434, L437, N784, L788, S1276, L1280, F1579, N1584) in
the region where N434, V787, and V1583 converge. These
results suggest that BTX-induced effects on voltage gating
in NaChs may be due to disruption of specific molecular
determinants of activation and/or inactivation gate(s) in the
inner pore formed by all four of the S6 segments.
We propose a model for NaCh slow inactivation in which
the S6 segments play an important molecular role. This
model predicts that the inner parts of the S6 segments near
the N434, V787, and V1583 positions assume a unique
molecular conformation during prolonged depolarizations
that stabilizes the inner pore in a nonconducting, slow
inactivation state. Although we believe that the S6 segments
play a prominent role in NaCh slow inactivation, we appre-
ciate the complex molecular nature of this process and do
not assume that the S6 segments are the only molecular
determinants of NaCh slow inactivation. For example, mu-
D2-S6 and Sodium Channel Slow Inactivation 2109
Biophysical Journal 81(4) 2100–2111
tations in other parts of NaChs can have various effects on
slow inactivation (Cummins and Sigworth, 1996; Hayward
et al., 1997, 1999; Vilin et al., 1999; Struyk et al., 2000;
Bendahhou et al., 2000).
In conclusion, our results suggest that the V787 position
plays an important role in NaCh slow inactivation. We
hypothesize that prolonged depolarization produces a
change in the relative position of the positively charged
residue in V787K that results in an intramolecular electro-
static interaction that accelerates and stabilizes the slow-
inactivation state. The opposite effect is observed when
different residues are substituted at the V787 position (e.g.,
V787C) that may be due to a disruption of a highly specific
intramolecular interaction required for normal slow-inacti-
vation gating in Nav1.4.
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